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FOREWORD 

This report presents the resu l t s  of Item IC 

of  TRW's study under NASA-ERC contract NAS 12-110 

(A Study of  Stabilization, Guidance & Control 
Design Criteria Definition) a 

genealogies were developed t o  support  the SG&C 

Design Criteria outline. 
Control Configurations were postulated and the 
characteristic s of each mechani z a t  ion were disc us  sed . 
A brief survey of t y p i c a l  sensors, as used for 

Guidance and Control functions was included. 

System mechanization 
I 

Plausible Guidance and 
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1.0 INTRODUCTION 

Since the ear l ies t  s a t e l l i t e  launching, there have been probably as 

many dis t inct  space guidance and control mechanizations developed as types 
of space vehicles. This i s  t rue i n  large par t  because the selection of the 
G&C configuration ultimately depends so heavily on t h e  particular space 
vehicle and i t s  intended mission. Recent studies, notably t h e  A F  sponsored 
Standardized Space Guidance Study, have been conducted with the objective 
of developing a standaddized guidance system concept and mechanization for a 

variety of new future space programs. These studies, conducted with certain 
constraining ground rules  (e.g. , the use o f  a specific launch vehicle) , have 
shown t h i s  approach t o  be both feasible and economically a t t ract ive.  

However, a t  t h i s  point i n  time, such a statement cannot be conclusively 
made about space missions contemplated for the next two decades and which 
were not considered i n  the previous studies. It i s  the intent i n  t h i s  study 
sub-tasg t o  configure, without regaxd t o  standardization, alternative G and 
C mechanizations which would meet the anticipated functional requirements of  
future space missions 

The specific goals were to :  

1. 
2. 

Postulate plausible Guidance & Control (G&C) configurations 
Prepare a G&C system genealogy which w i l l  provide a logical 
organization structure f o r  the G&C mechanization 

3.  Consider g ross  characteristics of  the mechanization classes. 
I 

The general objective of t h i s  subtask was  t o  support the formulation o f  the 
SG&C Design Criteria outline. 
classification of besign Criteria suhjects. The configuration descriptions 
and characterist ics w i l l  be employed f o r  the contents definition o f  the 

monographs e 

The genealogy w i l l  be used as an aid i n  the 
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It should be understood i n  the discussions t o  follow tha t  the phrase 
"guidance and control" is meant t o  encompass the broader functions of 
navigation and stabil ization as well. The guidance functions then include 

1. Navigation, or  the determination of  the vehicle trajectory 
st&te based on onboard and/or ground trakkidg measurement da-ba 

2. Targeting, or the determination of a desired end state 

3 .  Guidance computation, or  the determination of  the trajectory 
perturbation required t o  enswe t h a t  the desired end s ta te  
can be achieved i n  an optimum way 

4. Command generation, o r  the determination of  vehicle steering 
and engine thrust  commands required t o  effect  the proper 
trajectory corrections. 

The control functions include 

1. Vehicle stabil ization, or  the maintenance of  the spacecraft 
i n  a known and desired a t t i tude  

2 .  Maneuver control o f  t h e  vehicle from one orientation t o  
another as required f o r  purposes of trajectory correction, 
navigation, experiments o r  other spacecraft functions. The 
control functions may also include engine thrust  control. 

P 

The targeting, guidance computation, and command generation functions 
more properly fa l l  into the area of guidance system software d-evelopment and 

w i l l  not be discussed i n  detai l  i n  the sections t o  follow. 
emphasis i s  on system configurations and mechanizations which when properly 
uti l ized provide sufffcient data t h a t  these functions can be performed. 

The primary 

Section 2 presei ts  a summary of concj.iisions. ~n Sections 3 and 4, G&C 

configurations are postulated and mechanization characteristics are  discussed. 



2.0 SUMMARY 

o A large variety of G&C system configurations can be formulated. 
The postulated systems were limited t o  the most r ea l i s t i c  a d  
pract ical  conce$ts, and resulted for the Guidance and Control 
systems i n  respectively 20 and 14 different configurations. 

o The G&C systems genealogy was developed t o  a degree satisfactory 

fo r  the SG&C Design Criteria outline, and i s  presented in  
Section 3 .1  and 4.2. 

o The Guidance systems genealogy w a s  based on the differentia- 
tion between radio guided and autonomous concepts. The 
l a t t e r  ones were divided i n  a l l  iner t ia l ,  aided ine r t i a l  and 
all optical  systems. 

o The Control systems genealogy was based on a differentiation 
between passive, active and semi-active concepts. 

o The gross functional characteristics o f  the different classes 
The physical characteristics will of systems were discussed. 

depend on the specific applications and can vary for each 
over a wide range. 
systems. 

"his holds particularly for the @or,trol 
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3 .O GUIDANCE SYSW CONFIGURATIONS 

3 . 1  Guidance .System Types and Gene,alogy 

A basic block diagram of a generic guidance and control system, representa- 
t i ve  of either an autonomous system, a r$dio controlled system, or a combination 
of the two i s  i l lus t ra ted  i n  'Figure3.1. The navigation function can be performed 
using onboard i n e r t i a l  sensors, w i t h  o r  without auxiliary electro-optical or 
electromagnetic devices, ground radar tracking or a combination of both, 
targeting, guidance computation, and command generation functions can be per- 
formed either i n  an onboard computer or, for the  case where the navigation 
function i s  performed via  ground radar tracking, a ground based computer insta- 
l la t ion.  

The 

The ground controlled, or radio guidance, system can be of two forms - 
closed loop or open loop guidance. In  closed loop radio guidance, as typified 
i n  the ear l ier  missile launch guidance systems (e .g. ,  A t l a s ) ,  vehicle steering 
corrections are continually commanded through the control system on the basis 

of continually updated navigation and guidance computation information until 
t h r u s t  termination. The thrust  termination i s  likewise determined on the 

basis of confinuous navigation and guidance data* In open loop radio guidance, 
as typified i n  midcourse correction schemes for lunar and inteyplanetary probes 
(e .@;. ,  Ranger and Mariner), radio derived navigation data i s  used 20 determine 
S/C (spacecraft) orbit ,  consequent target m i s s ,  and the necessary velocity 
vector increment required t o  minimize t h i s  m i s s .  This correction i s  transmitted 
t o  the S/C control system as S/C at t i tude reorientation commands and soye form 
of velocity magnitude command (e .g . , thrust-time, acceleration-time, o r  simply 
AV). 
be commanded on the basis of continued tracking. 

I 

The commands are  then effected open loop and subsequent corrections may 

The basic types of guidance schemes mentioned above and the various classi-  
fications of these types are  i l lus t ra ted  i n  the genealogy charts, Figure 3.2 

through 3.6. The major breakdown shown i s  between autonomous and radio guidance 
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systems. 

Centaur is  not included i n  the chart since i n  e f f ec t  such systems a r e  r e a l l y  

purely radio guided or purely autonomous during specif ic  mission phases. It 
i s  also noted t h a t  several  of the  example S/C c i t ed  i n  the charts appear 

The combination r ad io - ine r t i a l  system type a s  typ i f ied  by Atlas / 

under more than one c lass i f ica t ion .  This i s  a re f lec t ion  o f  the changes ia 
system configuration and functional operating modes required for d i f fe ren t  
mission phases o f  a given SIC.  

A breakdown of the a l l - i n e r t i a l  autonomous systems i s  shown i n  Figure 3.3. 
In  general, these configurations a r e  applicable primarily f o r  launch phase 

guidance. The aided i n e r t i a l  autonomous systems a r e  u t i l i z e d  in  several  

modes. 

a t t i t u d e  updating andJor i n i t i a l i z a t i o n .  
established, e lectro-opt ical  o r  electro-magnetic sensors can be used f o r  
autonomous navigation (Figure 3 .5 ) .  A general configuration f o r  a large 

In the  f i r ?$  (Figure 3 .4) ,  the op t i ca l  a ids  a re  used for reference 
I 

With a known reference a t t i t u d e  

portion of  space missions w i l l  be the open-loop radio guided system, Figwe 
3.6.  

3.2 Representative System Configurations 

A var ie ty  of guidance system configurations can be contrived. In Table 

3.1 an attempt has been made t o  l i s t  a reasonable number of configurations 
which would be representative of fu tu re  systems- All the l i s t e d  configura- 
t ions  e i ther  are ,  o r  a r e  closely akin t o ,  systems i n  operational usage or 

i n  advanced stages of development today. 

I 

l i s t i n g  of configurations, only broad configuration c l a s s i f i ca t ions  have been 

given in  Table 3 . 1  with no attempt a t  de ta i led  breakdowns e 

configurations l i s t e d  as u t i l i z ing  s t a r  sensors could be fur ther  broken down 

in to  configurations wi th  

It should be emphasized t h a t  i n  the in t e re s t s  o f  maintaining a reasonable 

For example, those 

1. Body f ixed star sensors 

2. Body mounted, gimballed s t a r  sensors 
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3 ,  ZMU mounted, fixed star sensors (3Mu = I n e r t i a l  Measurement Unit) 

4. W mounted, gimballed star sensors 

The gimballed stw sensors could be fur ther  broken down &to those having 
ei ther  one ro t a t iona l  degree o f  freedom or two degrees of fkeedom. b t h e r  

categorization could include such d e t a i l s  as method of seaming and trhcking. 

However, for t h i s  discussion, it i s  f e l t  t h a t  such f ine  c lass i f ica t ion  i s  

nei ther  necessary nor warranted. 

Configuration NO. 1 (Conventional I n e r t i a l  Guidance Platform) 

This autonomous system, w i t h  a f u l l y  gimballed slvlu has been used w i t h  

However, such notable success i n  present day missi les  and space boosters. 

fac tors  as performance l imitat ions imposed by long term g p o  d r i f t  will 
r e s t r i c t  such a configuration to usage mainly fo r  the launch and ascent 

phases of future  space missions. Further discussions of the autonomous 

DIU configuration w i l l '  be found under Configuration Number 9 and i n  the  

following paragraph. 

Configurations No. 2.  & 3 (Strapdown) 

In Configuration No. 2, t h e  three axis gyro s t ab i l i zed  platform is 

replaced by three single axis platforms (SAP'S), and the re la t ionship  between 
the  S/C body axes and a reference i n e r t i a l  coordinate system i s  computed 

ra ther  than physically maintained by gimballing. 

on platform input axis signals,  from each of t he  SAP'S, operated on by a 

s u i t a b l e  algorithm. 

updating, either by a DDA or a general  purpose d i g i t a l  computer, o f  the direct ion 
cosines between S/C body and i n e r t i a l  reference axes. 

The computation is  based 

The most commonly used algorithm r e s u l t s  i n  the continuous 
-x- 

7% 

DDA = Digi ta l  Di f fe ren t ia l  Analyser 
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Sn Configuration No. 3, body rnountgd, e l e c t r i c a l l y  res t ra ined  gyros 
(ERG'S) of the r a t e  integrat ing type a r e  used. 
provide the  coznputer with the data necehsary for S/C body i n e r t i a l  reference 

coordinate updating. 

The gyro torquing s2gnals 

Configurations 2 and 3 have not been operationally demonstrated as ye t  

for  any space missions. 

of developent  a t  TRW Systems for  t he  LEM AGS and scheduled fo r  f i r s t  f l i g h t  

t e s t ing  i n  1967. 

However, Configuration 3 i s  now in an advanced s t a t e  

It i s  t o  be inoted t h a t  the IMU, SAP, and ERG configuratians, although 

mechanized d i f fe ren t ly ,  provide the same basic navigation data - S/C veloci ty  

a d  posit ion,  as well a s  attitude, i n  a known i n e r t i a l  coordinate reference 

frame. Because o f  the functional s imi la r i ty  of  these i n e r t i a l  configurations, 

they have been lumped together fo r  purposes of discussing the remaining con- 
f igurat ions.  When discussing specif ic  missions and in te r faces  between other 

equipment however, it should be remembered t h a t  the  IMU, SAP, and EEG present 

altogether d i f fe ren t  problems. 

Some preliminary assessments of the r e l a t i v e  merits of these three con- 
f igurat ions can be made based on pas t  experience and the data presented i n  
Section 3.3. The system with the  most po ten t i a l  accuracy i s  configuration 
No. l w i t h  the complete IMU. A t  the  same time however, t h i s  high accuracy 

configuration will tend t o  be the  heaviest of the $hree. 

The strapdown configurations are inherently more inaccurate than t h e  

IMU configuration, primarily because o f  t he  f u l l  vibration environment that 
the  strapdown i n e r t i a l  instruments are exposed t o ,  The strapdown configura- 
t ions  can o f fe r  the advantages OS being l i gh te r ,  physically l e s s  complex, and 

poten t ia l ly  more r e l i a b l e  than an IMU configuration. 
configurations, the  EFG configuration should be l igh ter  and more reliable than 

the  SAP configuration. 

( l imited by gimbal f'reedom) platform orientat ion allows r e l a t i v e l y  simple 

instrument ca l ibra t ion  wbile t h e  IMU i s  installed in the  S/C. 

O f  the two strapdown 

'&r the I N  configuration the capabi l i ty  of azbi t ra ry  

Similar cal ibrat ion 
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of the strapdown configurations generaUy involves more complex operations and 

l e s s  ca l ibra t ion  accuracy. Initial alignment and leveling of the three  con- 

f igurat ions a re  comparable; in  the  IMU case, physical  alignment and leveling 

i s  involved whereas for  t he  strapdown configurations, the process i s  computa- 
t iona l  . 
Configuration No. 4 (Closed b o p  Radio 'Guidance) 

This i s  the configuration used i n  the ear ly  b a l l i s t i c  missi le  programs 
(e.g., Atlas). The term IRU ( I n e r t i a l  Reference Fit) i n  t h i s  case indicates  

simply a heading and v e r t i c a l  reference whose output i s  differenced against  
commands generated on and transmitted f'rom the ground t o  provide steering 
signals t o  the f l i g h t  control system. 

ground computed. 
The engine staging s ignals  a r e  a l so  

This configuration na tura l ly  requires  a near minimum of i n e r t i a l  equip- 

ment. However, since closed loop guidance and control i s  effected v ia  radar 

tracking- gr  o und comput a t  ion -radio tr an s m i  s s ion 

delays r e s t r i c t  i t s  usage t o  near-earth missions, primarily fo r  launch guidance 

applications.  

also constrained t o  only those portions of the t r a j ec to ry  where tracking 

coverage is  available.  

t h  e inherent t r ans  it path 

The guidance and control  functions w i t h  t h i s  cmfigurat ion are 



Because of the above l imitat ions,  Configuration No. 4 i s  the only one 

labeled as a closed radio guidance system. 

t i o n  i n  Table 3.1 a re  of t h e  open loop type. 

All other  radio guidance configura- 

Configuration No. 5 (For Near Earth, Spin Stabi l ized S/C) 

With body fixed, passive electro-opt ical  sensors, t h i s  configuration i s  
the simplest of any l i s t e d  but i s  applicable only f o r  spin stabil ized S/C 
requiring only small veloci ty  increments, AV, f o r  minor o r b i t  corrections, such. 

as s t a t ion  keeping. 
the  ground tracking and computation net.  
S/C a t t i t u d e  data  t o  the  ground computer. 

The navigation and guidance function i s  provided through 

The two op t i ca l  sensors provide only 

The opt%cal sensors include a planet t racker  and a sun seeker. For ear th  

orb i t ing  s a t e l l i t e s  on which it i s  desired t o  maintain the spin axis normal t o  

the o r b i t  plane, the  sun sensor i s  not required a f t e r  t h e  S/C has been oriented 

approximtely t o  the desired a t t i t ude .  

There are some obvious l imitat ions t o  the usage of th i s  configuration. 

The primary ones are that complete i n e r t i a l  a t t i t u d e  determination can only 

be made when the  sun i s  v i s ib l e  from the S/C location, the  sun polar angle 

i s  not near zero, and the spin axis or ientat ion i s  such that the  ear th  I R  

image cuts  across both earth sensor f ie lds  of view. 
which the spin ax i s  or ien ta t ion  can be placed i n  an a r b i t r a r i l y  desired 
a t t i t ude  is on the order of one degree (30), thus precluding e f f i c i en t  
application of la rge  AV changes. 

A l s o ,  the accuracy wi th  

t. 

c 

Configuration NO. 6 (Surveyor Configuration) 

The IRU ( I n e r t i a l  Reference Unit) i n  t h i s  configuration consists of 
three rate integrat ing gyros, body mounted i n  a mutually orthogonal manner. 

With proper a t t i t u d e  control  system design, the e n t i r e  S/C becomes a gyro 
s tab i l ized  platform, and the S/C or ien ta t ion  w i l l  tend t o  remain fixed i n  



i n e r t i a l  space. 
t o  i n e r t i a l  space i s  performed, some external  data source i s  required t o  deter-  

mine what t h i s  fixed. a t t i t ude  is .  A proven and s t ra ight forwad means of 
determining the S I C  a t t i t ude  i s  t o  use error  signals from body fixed sun and 

stw sensors t o  drive, through the  a t t i tude control system, t h e  S/C t o  a 
known orientat ion w i t h  respect t o  t h e  sun and a chosen star (e.g,, Ranger, 

Since no computational upd-ating of the S/C or ientat ion re lat ive 

Mariner, Surveyor). 
ground computations can then be achieved by open loop torquing the  appropriate 

Subsequent desired a t t i t ude  changes as determined from 

gyros i n  the proper sequence. The alignment of  the star sensor r e l a t ive  t o  

the S/C axes and the sun sensor i s  somewhat mission t ra jec tory  dependent as 

i s  the choice of the  reference star. Periods of star occultation and ecl ipses  

of the sun w i l l  render the sensors useless but  during these periods, the 

att i tude cont ro l  can be closed through t h e  gyro loops. 

For AV vector application for o r b i t a l  changes, the engine burn i s  controlled 

on the basis of  ground computed commands i n  the  form of e i ther  t h r u s t  versus 

time, t h r u s t  acceleration versus time or AV magnitude command. 

erometer w i t h  i t s  input axis along the  fixed engine nominal thrust l i n e  i s  the  

only required i n s  trwnentation. In some instances, especial ly  where engine 
misalignments can be large,  it i s  desirable t o  moupt two  orthogonal accelero- 

A single accel- 

meters w i t h  input axes normal to  the  nominal engine t h r u s t  l i n e  t o  help compen- 
sa te  for engine misalignments. c* 

A s l i g h t  modification t o  the above configuration would be t o  use gimballed 
sun and star trackers.  

performed j u s t  as i f  the sensors were body fixed. However, the use o f  gimballed 

trackers provides a means for  verifying that  t h e  open loop a t t i tude  change 
commands were implemented correctly.  

gimbal angles from the  predicted v a l u e s  can be construed as an error  i n  S/C 

a t t i tude  or ientat ion m-d corrections can be made accordingly. 
multiple star tracker units (e.g., OAO) can improve S / C  pointing accuracy. 

The i n i t i a l  sun and star acquisit ion would have t o  be 

Any deviations i n  the measured tracker 

The use of 



Configuration No. 7 (Earth-Star References) 

This configuration is  s i m i l a r  t o  Configuration 6, the only difference 

being the  subst i tut ion of  a horizon tracker for the  sun sensor. For earth 

o r b i t a l  mission, Configuration 7 w i l l  i n  many instances prove t o  have 

def in i te  advantages, especially i f  the earth sa te l l i t e  is  t o  have an e w t h  

pointing mode. The IRU i s  included t o  provide reorientat ion capabili ty 
for  small AV o r b i t a l  correction maneuvers. 

Configuration No. 8 (All-Optical Reference) 

This i s  a modification of Configuration 7 w i t h  the  IRU removed and two 

axis  gimballing freedom provided for both the horizon tl-acker and the s t a x  

sensor. This modification trades the  increased complexity o f  the sensor 

gimballing for  the  IRU long term r e l i a b i l i t y .  

t i on  can be made t o  many o f  the subsequent configurations. However, again 

Note t h a t  a s i m i : l a r  modifica- 

i n  the i n t e r e s t s  of maintaining a reasonable size l i s t i ng ,  these related 

var ia t ions are not carr ied through the r e s t  of Table 3.1. 

Configuration No. 9 (Al l - Iner t ia l  Reference) 

This configuration, while demonstrated t o  be a high.ly successfill one for 
launch and ascent guidance, has def in i te  l imitat ions which w i l l  probably 

preclude i t s  use, i n  the  given form, f o r  most other a-gplications. Two of the 

more important considerations are 
\ 

1. Gyro drift: Fbr extended missions, a means of updating t h e  

i n e r t i a l  reference must be devised t o  compensate for gyro d r i f t  

e f f ec t s  



2. Energy management: Again f o r  extencled missions, it may be 

desirable  to shut d-own the gyro operation for reasons of 

power conservation or thermal control.  

establishing the  i n e r t i a l  reference i s  required. 
A means o f  re-  

The required re-establishment and updaiing o f  the  i n e r t i a l  refererence can be 
accomplished with the  aid of c e l e s t i a l  trackers, as  i s  done i n  ConPigurati.on 

No. 10. 

Configuration No. 10 (Aided-lkertial Reference) 

Earth, sun and star t rackers  are indicated i n  Table 3 . 1  as those sensors 
required f o r  i n e r t i a l  reference updating and re in i t ia l iz i r ig .  The sensors 

used and the manner of  implementation m e  mission dependent as summarized 
below. 

1. Short term (days) ear th  o r b i t :  
i n e r t i a l  reference shutdown i s  not waxranted but too  long t o  

ignore gyro drift ,  a simple updating procedwe can be mechanized 
using gimballed star t rackers .  On the basis of the nominal 

reference i n e r t i a l  coordinate direct ions and a chosen st;ar, 

star tracker pointing angles r e l a t i v e  t o  these dkec t ions  car! 
be computed and commanded. If t h e  tracker has aa acquisit ion Fov 

( f ie ld  o f  view)of Q! deg, when? QI i s  some percentage Larger than 
the  maximum expected gyro drift ,  then the chosen star should be 

i n  t h e  tracker FtN. The deviation of the star position *om 
the tracker l ine-of-sight gives a di rec t  indication o f  the 

amount the gyros have drif'tea since the last f i x .  
tracker, sequentially sighting on stars, or two %Tackers for 
simultaneous sighting can be implemented. 

For missions short enough t h a t  

Either one 
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need e x i s t s  for iner t ia l  refekenee shutdown, the problem 

of i n i t i a l  acquisit ion of  the reference star(s) becomes a 

c r i t i c a l  one. 

i n e r t i a l  direct ions used as a reference, as in  the updating 

procedure above, w e  no longer avai lable .  Several methods 
are avai lable  for  roughly establishing t h i s  nominal for 
coarse alignment preparatory t o  f i n e  alignment, again 

somewhat dependent on mission. 

The problem arises because the  nominal 

a. Unmanned ear th  o rb i t  mission: For earth o rb i t s  
x. 

which the  o rb i t  normal i s  not near the sun LOS , 
knowledge of o r b i t  normal direct ion,  sun l i n e  and 

s iderea l  time i s  su f f i c i en t  t o  es tab l i sh  a reference 

came i n  which t o  locate  the stars for coarse telescope 

pointing. Location of two stars i n  t h i s  manner then 

establ ishes  a prec ise  i n e r t i a l  frame. A sun sensor 

i s  required i f  o r b i t a l  posi t ion i s  not known. 

A second scheme u t i l i z e s  an earth horizon scanner 
and requires t h a t  the  SMU, or  i t s  equivalent, be 

turned on pr ior  t o  star gcquisit ion.  
i s  t o  use loca l  v e r t i c a l  information from the horizon 

scanner and t o  use the  IMU i n  gyrocompassing mode t o  

es tab l i sh  a space f ixed coordinate system. 

The procedure 
v 

A t h i r d  scheme does not require  accurate prehowledge 

of o r b i t a l  charac te r i s t ics .  The reference i n e r t i a l  
direktions a re  es tabl ished by the sunlbright star 

acquis i t ion scheme discussed under Configuration No a 6 .  

* u)S = Line O f  Sight 
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b.  

In the first two  schemes above, a correlat ion t racker ,  

o r  star f ie ld  map matcher could be used t o  a i d  star 
acquisit ion; a l ternat ively,  the star mapper can be 

used t o  provide a l l  t h e  information necessary t o  

determine spatial reference direct ions.  

Manned earth o r b i t  missions: With t he  IMU, or i t s  

equivalent, operating i n  the  i n e r t i a l  mode and 

controll ing the S / C  a t t i tude,  reference stws can 

be located accurately by the  crew using e i ther  a 

simple s ight ing telescope or a space sextant. Th.e 

measured star LOS angles r e l a t i v e  t o  the present ly  

maintained i n e r t i a l  direct ions help t o  determine 

the or ientat ion of these direct ions.  

The last sub-configuration shown under Configuration No. 10 includes a 

ranging device and a doppler radar. 

t o  a basic configuration. Although t h i s  capabi l i ty  i s  shown l i s t e d  under 

Configuration No. 10, it can be provided a s  wel l  for Configuration No. 6. 

These uni t s  add rendezvous capabi l i ty  

The S/C w i th  rendezvous capabi l i ty  i s  a prime example of a S/C w i t h  

combined autonomous/radio guidance capabi l i ty .  

t o  vector the S/C t o  a point  where onboard rendezvous t rackers  can acquire 
the  ta rge t  S/C . 
would be used. 

Radio guidance .is necessary 

Following acquisit ion,  tracker directed autonomous guidzmce 

Configuration No.  11 (For Spin S tab i l ized  S/C Far Removed From Planets) 

This configuration i s  bas ica l ly  the same as that  of Configuration No. 5. 
The difference i s  t h a t  the ea r th  taxget shape has changed from a d isc  t o  more 
nearly a point  source as S/C t o  ear th  range increases. 
area for  t h i s  configuration i s  the  problem of determining a t  what ranges from 

the  t w g e t  p lane t  t h i s  scanning method c m  be used. 

The c r i t i c a l  design 



These are essentially the same as Configurations 6 and 10. B e  primary 
Eowever, data from mode of guidance would be based on ground tracking data. 

celestial body sightirigs can be combinedl w i t h  the t racking  data t o  obtain 
the  best estimate of the S I C  t ra jectory.  
guidance coula be made c.ompfete3.y autonomous by relying solely on a history 
of celestial. sighkings m d  using %his sighting data for o r b i t  determination, 

e.g., via Kalman f i l t e r i n g  techniques. 

In the extremct, for rmmed missions, 

Configuration No. 11 (Approach Guidance Configuration fo r  Spin Stabilized SfC 1 

This configuration can be considered autonomous only in the sense that 

the plmetary approach phase, beginning a t  about LOO planet diametkrs, could, 
be made autcmomous, given sufficient computational capability. 
leading up t o  the  planetary approach phase(except; for launch injection) would 

most practdcally be radio guided for the  spec i f ic  case of a spia s t ab i l i zed  S/c. 

A15 @mses 

At 100 planet diameters, the planet subtense is asproximately 0.5*. At 
this angle subtense, the planet image pulse width in a field of view can be 
used as a measure of apparent diameter f o r  purposes of stadimetric ranging. 
This data, along w i t h  sw). and glanef; angular position d a b  (i,.e., the polar  

angle infomation discussed under Configuration No. 5 
Fnfwmation fo r  navigation relative to the target plane%. 

provides su f f i c i en t  

Configuration go. 12 and 13 (Approach Guidance Configuration for Three Axis 
Stabilized SfC)  

Again these configurations are essent ia l ly  the same as Configurations 
6 and 10. 
provide both stadimetric ranging data and planet M S  (Line of Sight) data. 

Here however, the planet scanner is an important addition to 



Configuration No. 14 (Open LOOP, Semi-$oft Landing fo r  Spin Stabi l ized S/C) 

This a d  the  subsequent terminal dGscent configurations a r e  a l l  l i s t e d  

as autonomous. It i s  t o  be remembered t h a t  these configurations are autonomous 

only i n  the sense of t h i s  mission phase. The guidance functions during most 

of the mission phases leading up t o  terminal descent (axc:cq>t 3.u.i:nc:h) nioy have 

been radio controlled.  

It should a l so  be noted t h a t  fo r  a l l  t h e  terminal descent configurations, 

a preparatory phase i n  which the  S/C a t t i t u d e  i s  controlled t o  some desired 
approach or ien ta t ion  w i l l  be incorporated. For aerodynamic braking entry, 
t he  proper or ientat ion i s  d ic ta ted  by considerations of deceleration g levels ,  

heating and heating r a t e s .  For p r o p d s i v e  deceleration, t h e  a t t i tude w i l l  
most usually be se lec ted  so tha t  the  retro-engine th rus t  i s  near ly  an t i -pa ra l l e l  

t o  the approach veloci ty  vector. I n  either case, the intel l igence for determin- 

ing the  proper a t t i t u d e  i s  obtained from basic approach o r b i t  data and c e l e s t i a l  

or i n e r t i a l  references.  The spec i f ic  configurations required for t h i s  i n i t i a l  

alignment phase are no different  from any of  the Configurations 5 through 13 
and w i l l  not be discussed fur ther .  

t o  t h e  terminal descent phase proper. 
The subsequent discussions w i l l  be limited 

Configuration 14 i s  the  simplest configuration listed and i s  applicable 

only for  spin s t ab i l i zed  instrument capsules w i t h  the r e t r o  th rus t  axis 

coincident wi th  the  spin axis .  

the pre-descent phase, an altitude-marking radar sfgnals retro-engine ign i t ion  

a t  some desired a l t i t ude .  The igni t ion  a l t i t u d e  is  a predeterminable function 
of approach velocity,  i n i t i a l  capsule w k i g h t ,  engine th rus t  and Isp charac te r i s t ics ,  

and planetary atmosphere if any, and i s  chosen t o  give a semi-soft landing w i t h  

impact ve loc i t i e s  i n  the  range of 20 t o  200 a s .  

With the s p i n  axis properly or iented during 



Configuration No. 15 (Open b o p ,  Semi-soft &ding fo r  Three Axis Stab i l ized  S/C) 

This configuration d i f f e r s  from the  previous one only i n  t h a t  it i s  

applicable t o  a ' th ree  axis  s t ab i l i zed  landing capsule ra ther  than a spin 

s t ab i l i zed  capsule. 

Configuration No. 16 (Terminal Guidame Control for Soft  slanding) 

This i s  t h e  f irst  configuration tha t  allows for t rue  so f t  landing w i t h  

The i n i t i a l  portion of  the  impact ve loc i t ies  i n  the  range of 10 t o  20 fps.  

terminal descent i s  s i m i l a r  t o  t h a t  for Configuration 15, with an a l t i t u d e  

marking radar t r iggering main r e t r o  igni t ion.  Main r e t r o  burnout occurs a t  

an a l t i t u d e  and veloci ty  where onboard range and veloci ty  t rackers  can be 

used t o  provide closed loop descent t ra jec tory  control  v i a  vernier engines 

t o  a s o f t  landing ( e  .g., Surveyor). 

basic descent control  sensors radar altimeter and doppler veloci ty  sensors 

(RADVS). 

l a se r  ranger - which can give more range accuracy. 

The Surveyor and Apollo LEN use as the  

The l i s t i n g  i n  Table 3 .1  shows an a l te rna t ive  range sensor - a 

Configuration No. 17 (Terminal G u m  nee Control For Soft Landing) 

The basic operation with t h i s  configuration i s  the sane as w i t h  Configura- 
t ion  16. 
different ,  involving a V/H meter t o  determine veloci ty  t o  a l t i t u d e  r a t i o .  

For sa t i s fac tory  descent control, some means of extracting veloci ty  and 

a l t i t u d e  (or slant range) as individual parameters must  be provided. 
can be done by using e i the r  (1) some s o r t  of ranging device or (2) a doppler 
veloci ty  sensor. In e i ther  case, it w i l l  become obvious that the overa l l  
configuration i s  more complex than t h a t  indicated for Configuration 16, 
pa r t i cu la r ly  since a planet  tracker may have t o  be incorporated t o  point the 

V/H op t ica l  axis .  

However, the sensors used t o  determine range and veloci ty  are 

This 

\ 
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Configuration No. 18 (Soft Landing Augmented With Precision Location Guidance) 

To s o f t  landing capabili ty,  Configuration 18 adds location guida,nce 

capabi l i ty  such t h a t  impact point e r rors  induced by midcourse o r  approach 

g u i b n c e  and control  inaccuracies can be guided o u t  during the terminal 

descent phase. 
can be compensated for with  approximately a 50$ increase i n  AV capabi l i ty .  

For lunar landings, impact point  e r rors  as l e g e  as 30,000 ft 

The basic intel l igence required for  t h i s  pinpoint landing location 

guidance i s  provided by map matching techniques using correlat ion t rackers .  

The immediate question and problem t h a t  a r i s e s  i s  the matter of rec6nnEtis- 

sance required t o  es tab l i sh  the reference t a rge t  area image. 

For t h i s  configuration, because o f  the ac t ive  guidance dwing the terminal 
phase, some form of computational reference i n e r t i a l  frame i s  required. Be- 

cause of  t h i s ,  the  i n e r t i a l  equipment i s  shown t o  be of the  complete BdU type 
rather  than the simple IRU t h a t  w a s  indicated for  Configuration 16. 

Configuration, No. 19 (Beacon Aided Soft  Landing) 

This configuration d i f f e r s  from the preceding one only i n  that  a beacon 

tracker,  ra ther  than a correlat ion tracker,  i s  used t o  provide the informa- 
t i on  required for  pin point terminal s o f t  landing, 

ac t ive  beacon or  beacon transponder be placed near the desired landing point  
beforehand. This i n  i t s e l f  poses an in te res t ing  problem. 

'This requires t h a t  an 

Configuration No. 20 (Manned S o f t  Landhg) 

This terminal descent configuratiok i s  applicable for  pinpoint terminal 
s o f t  landing f o r  manned s o f t  landing. The crew, making use of  a gimballed 

sighting telescope, can provide the necessary data fo r  generating steering 
commands. 



3.3 Guidance Sys'tem Components an4 Subsystems 

In Section 3.2, reference w a s  made t o  broad c lass i f ica t ions  of guidance 
Most of these classifYcations contain versioris whicb have system equipment. 

been f u l l y  developed and qua l i f ied  for space use. 
t he  br ie f  surveys of components and subsystems presented i n  t h i s  section. 
The surveys a re  not meant t o  be complete and a l l  encompassing, bu t  are 

included only t o  be indicAtive of t he  s t a t e  of the art i n  guidance equipment 

development and t o  serve as a basis for the  establishment of gross configura- 

These we iden t i f i ed  i n  

t i o n  chaxacter is t ics .  

3.3.1 DIU'S 

Representative i n e r t i a l  platform mechanizations a re  l i s ted  i n  Tab le  3.2.  

- 

The Gemini, Apollo, Minuteman, Titan, Centaur, and Saturn platforms are con- 

ventional, high accuracy uni ts .  The IMU and associated electronics  for  these 

subsystems a re  i n  the  60 t o  200 l b  weight range and require  from 75 t o  160 
w a t t s  o f  power. It i s  expected t h a t  even with the  na tura l  evolution of the  

s t a t e  of t he  art, the  overa l l  weight w i l l  not be reduced subs tan t ia l ly  below 

50 l b  for  high accuracy uni ts .  

The Nortronics A-12 platform is  typ ica l  of several  experimental and 
developmental models wi th  an in t eg ra l ly  mounted star tracker and does not 

differ s ign i f icant ly  i n  weight and power character is tecs  from conventional 
systems. The two f loa ted  gimballess designs were developed for a specialized 

iappl icat ion - high g environment. 
u t i l i t y  i n  any envisioned space mission. 

This type application probably has no 

The last  IMU t y p i f i e s  an advancement i n  the  s t a t e  o f  the ar t  toward 

miniaturization and cost  reduction a t  the expense of  accuracy. It i s  a n t i c i -  
pated t h a t  an IMU of  t h i s  type can he'used e f fec t ive ly  i n  space applications,  
pa r t i cu la r ly  for t he  terminal guidance phases. 
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The MTBF for a complete IMlJ i s  not expected t o  be signficantly more 

than 5000 hours. This factor,  along with considerations of power conserva- 

t ion,  indicate t h a t  fo r  mission durations beyond about  500 hours, complete 

IMU shutdown w i l l  be standard operational procedure. IMU shutdown can be 

incorporated as an operational mode because for grea t  portions o f  many space 

missions, t he  IMU functions are not required. Furthermdre, for  most mmmed 
space missions, it becomes d i f f i c u l t  t o  justif‘y the need for an IMU a t  a l l  

except for the launch and orb i t  inject ion phase and the  pinpoint location 

terminal guidance phase, i f  such i s  a mission requirement. On the other 

hand, the gyro s tab i l ized  platfform portion o f  the IMU, without  the IMU, can 

serve as an excellent base for experimental equipment such a s  space telescoper 

3.3.2 Gyros 

The representative gyros l i s t ed  i n  Table 3.3 include those gyros specif- 

i c a l l y  designed for  IMU application and those which can be used i n  strapdown 

applications.  Not included i n  the tab le  are such exotic and advanced instru- 

ments as nuclear magnetic induction g p o s ,  laser gyros and e l ec t ros t a t i c  
suspension gyros. 

A s ignif icant  observation to  be made f’rom the table  i s  t h a t  t he  operating 

l i fe t ime for  single degree of freedom gas bearing gyros i s  an order of magnitude 

greater than for  s i m i l a r  b a l l  bearing gyros (see Honeywell GG 8001 and CG 150 
units). 

3.3.3 Accelerometers 

Representative state o f  the art accelerometers a re  l i s t e d  i n  Table 3.4. 
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3.3 .4 
Three basic types of s t a r  t rackers  w e  represented i n  Table 3.5. The 

Star  -Sensors , Trackers and Mappers 

s ingle  axis analog output types axe generally body fixed, w i t h  a rectangular,  
almost s l i t  type, f i e l d  of‘ view. 

nul l ,  i n  the narrow dimension, of the image from a preselected br ight  star 

such as Canopus. 
one axis  r e l a t i v e  t o  the l i n e  of s igh t  t o  the  chosen star. 

The basic output desired i s  the o f f se t  from 

This s ignal  i s  used t d  es tabl ish a f ixed S/C a t t i t u d e  about 

The two axis ungimballed sensors are  funct ional ly  and operationally the 
same as the s ingle  ax is  sensors above, the obvious difference being tha t  SIC 
a t t i t u d e  control  about two  axes is  possible.  

The two axis gimballed t rackers ,  ra ther  than being used t o  control SIC 
a t t i t u d e  d i rec t ly ,  can be used t o  determine the ZOS (Line of  Sight) direct ion 

of  a star r e l a t i v e  t o  the S/C axes. 
nearly simultaneously in  t h i s  manner help t o  determine S/C a t t i t ude .  

re-alignment following shutdown and DIU-drift cal ibrat ion can a l s o  be accomplished. 

Two individual star sightings taken 

IMU 

Table 3.6 l i s t s  several  developmental star f i e l d  mappers. These devices 
bas ica l ly  can y ie ld  the information obtainable f’rom a ba t te ry  of two axis 
trackers.  
traded f o r  d i f f i c u l t i e s  associated w i t h  map interpretat ion and data reduction. 

The tracker pointing and readout problems and complexity w e  
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3.3.5 Sun Sensors and Trackers 

The sun sensors in  Table 3.7 a l l  operate i n  the 0.4 t o  1.1 p spec t ra l  
region and f a l l  in to  three general functional classes - sun presence sensors, 

n u l l  seekers, and aspect sensors. 
a change of state s ignal  when the sun i s  within the field-of-view of the 

sensor and does not provide information which locates the sun within the 

The sun presence sensor merely provides 

FOV. 

of the  sun’s i m a g e  f’rom the  sensor LOS axis. 

the  basic sensor i n  a servo control  system designed t o  point a substructure 
or unit  of a S/C (or a par t icu lar  ax is  of the en t i re  S f C )  towards the  sun, 
and is  r i g i d l y  fixed t o  the  s t ructure  being controlled. A body fixed n u l l  

seeker i n  combination wi th  a single axis,  body fixed stax sensor can be 

used t o  establish a complete three ax is  c e l e s t i a l  a t t i t ude  reference. 

The n u l l  seeker provides signals proportional t o  the  angularr of fse t  
It i s  most commonly used as 

The aspect sensor i s  merely an extension of  the null seeker and is  

obtained by mounting the n u l l  seeker i n  a gimbal( s)  
t o  S/C axes is  then determinable. 

The sun l i n e  r e l a t ive  

3.3.6 Planet Scanners and Trackers 

The most common planet scanner l i s t e d  i n  Table 3.8 i s  the ear th  horizon 

scanner, used t o  determine l o c a l  ve r t i ca l .  Generally, horizon sensors operate 

~ by measuring angles t o  several  points on the horizon or by measuring t h e  

radiance f ’ ra  various areas  of the  planet. 

angles t o  specif ic  points  on the  horizon generally require  some form of scan 
and can be broken in to  two categories, conical scan and edge scan. 

conical scanners scan an instantaneous f i e ld  of view through t h e  planetary 

disk, sensing the angles t o  the  horizon-space discont inui t ies .  
scanner u t i l i z e s  several  separate sensors each measuring the  angle $0 a 

single point  on the  horizon. 
different  areas of t h e  planetary d isk  a;re cal led radiat ion balance sensors 
and usua l ly  have no moving pa r t s .  

Those sensors which measure 

The 

The edge 

The sensors which measure the radiance ff-om 
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O f  these three types, the radiat ion balance sensor i s  the  l e a s t  accurate 

because of non-uniform I R  radiat ion chwac te r i s t i c s  caused by clouds and 
day/night terminators. The radiat ion discont inui t ies  a t  cloud edges and 

terminators a l s o  caused falselook ons of ear ly  versions of the scanning 

type earth horizon scanners because of 'the wide spec t ra l  s ens i t i v i ty  designed 

in to  the ear ly  scanners. 

narrow spec t ra l  respcnse centered near the  GO2 absorption band t o  prevent 
f a l se  lock on. 

, 

More recent earth scanners have been designed with 

For near earth operation, the 15 p GO region appears t o  be optimum. 2 
The Ranger antenna posit ioner sensors, required t o  work a t  greater distances 

from the earth,  a r e  both designed t o  work i n  the  v i s ib l e  l i g h t  region. 

Nortronics lunar horizon tracker has a spec t ra l  response from the  v i s ib l e  

t o  the far IR.  The optimum spec t ra l  response regions for these l a t t e r  two 

applications and for other planetary trackers probab1:y have not been defined. 

The 

Added research i n  t h i s  area should provide'valuable k n e f i t s  t o  future mission 

planning. Another development which would advance planetary approach guidance 
techniques i s  the  development of a scanner which provides accurate stadimetric 
ranging data. 

'I 

3.3.7 R a d a r  

Range radars f a l l  into two categories - these used f o r  o r b i t a l  rendezvous .- - 
and those used as "altimeters". The chazacter is t ics  of the  cooperative 
rendezvous radar developed by Westinghouse for the  Gemini program are  l is ted 

i n  Table 3.9. 
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Range r a t e  

Maximum range 
Range accuxacy 

Range r a t e  accuracy 

MTBF 

Volume 
Weight 
Power 
Search angle 

kh.r*.J y Vcr s Ion 
-100 to 4-500 QX 

2'50 n.mi. 

0.1$ or 50 f t  

5$ or 1 f p s  

3000 hours 
1.75 ft3 

68 lb 
78 watts 
70' solid cone 

Ob,) ec Lj-vc 

-100 to 500 f ' p ~  

15  f t  

1 ?Ps 

500 n.mi. 

6000 hours 

1.25 ft3 

30 lb 
23 w a t t s  

'70' s o l i d  cone 

Charac,teristics of two a l t i t u d e  marking radars are  summarized i n  Table 

3 .lo. 
is a smaller un i t  proposed. for  short  range applications.  

The first  i s  a long range device developed for Surveyor The second 

TABU3 3.10 ALTITUDE MARKING RADAR CIEARACTERISTICS 

Suweyor Short Ra,nge 
Alti tude mark l i m i t s  
Alti tude accuracy 

Weight 10 lb a 11, 

52 t o  60 mi 
& 0.3 mi 

250 to 8000 f t  

50 f t  ( 3 ~ )  a t  250 f t  

Power 75 w a t t s  9 w a t t s  

Volume 

Re l i ab i l i t y  

440 in 3 

.9999 f o r  10 min operation 

The radar al t imeter  and doppler veloci ty  sensor (RADVS.) used successfully 

on Surveyor and i n  development fo r  LEM utilizes four antennas t o  provide 

'slant range data and complete three  ax i s  veloci ty  information. 
charac te r i s t ics  of t he  RADVS are summarized i n  Table 3.11. 

Pertinent 
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Slant range l i m i t s  10 t o  50,000 f% 

Lineax veloci ty  r a g e  o to 700 pps 
Range accuracy 4 f i + 5 ; &  
Velocity accuracy 1 a s  "I- 24 

Weight 33 lb 
Power 590 watts 

3.3.8 Laser &ag ers 

Laser rangers are s t i l l  in the  developmental stage and some basic problems 
The very w i l l  probably r e s t r i c t  t h e i r  use t o  cer ta in  specialized applicatio-rs. 

narrow laser  beam w i d t h  (which combined wi th  the very short  pulse Lengths 

a t ta inable  makes it a highly accurate ranging and angle %racking device) 

makes the laser a poor search and acquis i t ion radar. 
capabili ty,  a seconttary IR sensor of the e m t h  scanner r a d k t i o n  balance 
type could be used. 

To augme3t the  search 

The l aser  radar i s  best put t o  use as a ranging device. It i s  expected 

t h a t  as aa al t imeter ,  a p rac t i ca l  l aser  can be developed that  would operate 
out t o  nearly 100 mi with several  foot absolute accuracy a t  a l l  r ames .  

h s e r  topographic mappers , have wdergone some development, e .g - , ,TRw 
In t h i s  form, this Systems u n i t  i s  capable of  mapping 5 f-t CQXY.%OW lines. 

aevice cannot be used a i r e c t l y  as a navigation a id  bufu with addi t ional  logic 

and reference image correlation, it could be used as a map matcher for  
terminal guidance application. 

3.3.9 Correlation Trackers 

Other correlat ion trackers,  o r  map matchers, axe l i s t e d  in  Table 3.32. 
In addition t o  those listed, TRW Systems i s  developing an op t i ca l  tracker 
u t i l i z ing  s p a t i a l  image Trequency phase correlat ion.  

w i t h  t h i s  device is  in the range of a few f e e t .  
The expected accuracy 
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3.3.10 Ang l e  Encoders 

me angle encoders necessary for  t he  determination o f  vmious tracker , 
angles with respect  t o  the  S/C axes range in weight *om 30 oz t o  36 lb. 
From the  extensive var ie ty  of available encoders, some of which are summarized 
i n  Table 3 .l3, t he  proper encoder of' the desired accuracy can usually be picked 

f o r  a specific applica,tion. 

3.3.11 Onboard Computers and Programmer/Seqilencers 

For most unmanned, radio guided S/C, the onboard computer will be minimal 
o r  non-existent. 

a t  ear th  based s ta t ions  and transmitted t o  the S/C where command receiver and 

decoder outputs w i  1.1. process the programmer/sequencer 

i s  required t o  perform any form o f  approach o r  terminal descent guidance, 
then a minimal type computer i s  required. 

descent, the necessary computer i s  part of the RADVS system. 

Guidance and a t t i t u d e  reorientat ion commands w i l l  be generated 

If the wmamed S/C 

For FADVS controlled te rmind  

The applications for which the need fo r  an onboard d i g i t a l  computer 

can be strongly j u s t i f i e d  w e  for the autonomous guidance configurations for  

launch and o r b i t  inject ion,  for cer ta in  phases o f  manned missions, and f o r  

missions involving rendezvous (rendezvous here 1 s  taken t o  apply i n  a broad 
sense and includes S/C to S/C rendezvous, planetary approach g u i q c e ,  md 

pinpoint location soft landing) 

mission charac te r i s t ics  and overa l l  operational considerations. 

The required computer capacity depends on 

3.4 Gross System Characterist ics 

On the  basis of t,he material  presented in  the pyeceding section, some 
gross system charac te r i s t ics  can be summarized. 
following tables ,  broken down i n t o  mission phases (Table 3,14, 3-15, 3.16, 
3.17 and 3.18). 
i n  Table 3 .1  

These m e  presented i n  the 

The configuration numbers a re  keyed t o  -the numbers given 



TABU 3.23 
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Table 3.3.4 Gross C h n r n c d r i s t i c a  of bunch and FArth 

Orbit SnJcctiQn System Confi guralions 

Configuration 

1. 

2. 

3 .  

Autonomous IMU 

Autonomous single 
axis platform 
system 

Autonomous strap- 
down system 

Advantages 

a most accurate of a11 
configurations f o r  
launch phhse b u t  may 
require o p t i c a l  up- 
date  i f  long coast 
phase involvea, such 
as for synchronous 
o r b i t  in jec t ion  

o cal ibrat ion and 
alignment simple 
with techniques 
well established 

o cm be used f o r  many 
boost t r a j e c t o r i e s  

0 well estalljlished 
s t a t e  of' the art 

probably aighter, 
smaller volume, and 
l e s s  power than IMU 

can be used f o r  a 
var ie ty  of boost 
t ra j e c to r i  es 

Y lightest, least vol- 
ume and power of the 
three  closed loop 
autonomous i n e r t i a l  
systems 

o can be used for a 
variety of t r a j ec -  
tories 

Disadvantages 

@ heaviest, largest  
volume, and grea tes t  
power requirements 
of a l l  configurations 

o MTBF not high blzt t h i s  
is not  a problem fo r  
this phase 

less accurate than IMU 

@ prelaunch cal ibrat ion 
d i f f f c i i i t  

a developmenl cosw may 
approach IMU cos ts  
i n  effor t  to meet 
IMJ accuracy 

least accurate of the 
three closed loop 
autonomus i n e r t i a l  
6yStem6 

prelaunch ca l ibra t ion  
difficult 



configuration Advantages 
. 

0 well established 
state of the art 

e accuracy approaches 
attainable w%th ZW 
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Table 3.15 Gross Characterist ics of Syetem Configurations f o r  

Ebrth Orbit Correc$ions, Operations and Transfers 

Configuration 

5. Spin s tab i l ized ,  
near earth satel- 
l i t e  with body 
fixed o p t i c a l  
sensors 

6,7. Three ax i s  
stabilized near 
earth satellite 
with IRU and 
optical, sensors 

8. Three axis 
s tab i l ized ,  near 
earth satellite 
with o p t i c a l  
sensors 

9 .  Autonomous 
unaided iner t ia l  
system 

10. Radio aided 
i n e r t i d  system 

Gross System Characterist ics 

@ onboard guidance equipment m i n i m e b l  

e primarily useful  only for small AT appucat ions  
because of inherent t h rus t  vector pointing in- 
accuracies 

e onboard iner t ia l  a t t i tude referencing equipment 
on the order of 30-35 pounds 

o l i f e t ime  limited by gyro l i f e  

0 limited to applications with AV- 100 f p s  un- - €  

less lateral accelerometers added t o  compensate 
f o r  thruster misalignment 

o choice between sun sensor or earth scanner 
dependent on mission t r a j ec to ry  and require- 
ments 

@ o p t i c a l  sensors can be gimballed bu t  not nec- 
essary 

a o p t i c a l  sensors must be gimballed 

e no short term memory avai lable  

e potentialLy greater  pointing accuracy than 
Configurations 6 and 7 

e long term gyro d r i f t  and power management 
considerations render t h i s  configuration 
impractical  for this application 

1) tracking network r e s t r i c t ions ,  costs 
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Con33 gurat ion Gross System Characteristics 

e various modes can make system useful  for manned 
operation, rendezvous, and for larger A’ii appll- 
cation 

e heaviest &d most complex of configurations for 
this phase 
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Table 3.16 Gross System Characterist ics of Configuratfons 

for Coast and Midcourse yhases 

Configuration 

11, Spin stabilized 
S/C with body 
fixed o p t i c a l  
sen so r s 

s tab i l ized  S/C 
with XRU and 
o p t h a l  a ids  

t 

6. Three &is 

t 

LO. Three axis 
s tab i l ized  S/C 
with aided iner-  
t ia l  system 

. .I 

Gross System Characterist ics 

0 comments of Cmfigurst ion 5 apply 

0 successfully applied t o  Ranger, Mariner,, 

0 l imited t o  moderate AT appucat ion (Y LOO as) 
unless lateral accelerometers added t o  compen- 
sa te  f o r  th rus te r  misalignment 

Surveyor 

a op t i ca l  sensors used to  es tab l i sh  absolute 
iner t ia l  reference 

e can be used for larger A'ii application 

a heavikr, larger ,  and more power required than 
Configuration 6' 

0 operationally more f lexible  than Configura- 
t ion  6' 



Table 3.17 Gross System Characteristics of 

Configur$tions f o r  P l ~ n e t e t r y  Approach 

Configuration 

t 
11. Spin s t ab i l i zed  

with body fixed 
o p t i c a l  sensors 

12. Three axis sta- 
b i l i zed  S/C with  
IRU and o p t i c a l  
sensors 

13. Three ax is  sta- 
b i l i zed  S/C 
with aided i n e r -  
tial. system 

planetary approach trajectory can be determined 
w i t h  only moderate accuracy 

e choice of system configuration will probably 
be dic ta ted  by requirements of" other mission 
phases 

e t r a j ec to ry  determination accuracy b e t t e r  than 
f o r  Configuration 11 * 

a choice of system configuration w i l l  probably 
be d ic ta ted  by requirements of other mission 
phases 

t r a j ec to ry  determination accuracy better than 
f o r  Configuration 31' 



Table 3.3.8 

Configuration 

14 

15 

16. 

17 

Spin s tab i l ized  
S/C with mark- 
i ng  radar 

Three a x i s  
s tabi 1% zed 
SIC! with IRU 
hi%% %&PEXng 
radar 

IRU plus dop- 
p l e r  radar 
a d  range 
sensor 

V/H meter 
configuration 

Gross CharaceerS a t €  cs of" Con f'i gura t f  s n s  

for Temfna1,Descent 

Gross System Characterist ics 

e system mechanization des.fgnedl to  point  S/C 
t h r u s t  axf$ i n  desired direct ion pr ior  t o ;  
r e t r o  t h r u s t  phase is required 

e prov9des only open-loop pre-programmed retro 
t h r u s t  control snd w i l l  result fn semf-sofl 
Landing (qprox 20 to 200 rps) 

very simple system and su i tab le  only f o r  
cer ta in  shock protected instrument packages 

&eneral$rsame comments as for Configuration 14 

I) makes possible controlled soft landing 
(10 to  20 f p s )  

9 laser ranger more accurate than radar range 
b u t  ezdded accuracy m y  not be necessary 

e all radar configuration can have'array of body 
. fixed antennas 

minimal analog computer required on board 

e proven technique 

for  the sane functional capabilities as Conffg- 
urat ion 16, this configuration appears unneces- 
sa r i ly  complex 

@ simple I R U  must be replaced by full h e r -  
t l a l  system 

9 planet tracker required t o  point V/H meter 
along 'local. vert% cal 



Table 3.18, (Cont'd) 

Conf igur'ation 

18. Soft  landing 
with correla- 
tion tracker 

19. Beacon aided 
s o f t  lander 

20. Manned s o f t  
landing 

Gross System Characterist ics 

,p,either a ranging deviceor  a range rate 
sensor required t o  unscramble V/H ratio 

0 plnpoint landing location guidance capabi l i ty  
added to s o f t  landing capability 

requfres referenee images, obtaLnable from 
previous orbiter S/C missions 

for  tracking type operation, f a i r l y  s t r ingent  
requirements placed on accuracy wi th  which 
S/C i s  placed i n  approach trajectory t o  Insure 
proper t racker  operation and minimum f u e l  
consumption 

correlation devices w i l l  more likely be used 
to update IlvRT at d iscre te  intervals 

pinpoint location guidance capabi l i ty  added 
t o  s o f t  landing capabi l i ty  

e requires accurate knowledge of beacon location 
(presumed t o  be placed by previous orbiters 

@ landing at beacon o f f s e t  point can be accom- 
modated 

terminal tmgectory constraints not  as s t r i n -  
gent as for correlation t racker  configuration 

0 manual telescope sighting on desired landing 
area can provide required inputs for  auto-  
mati c pinpoint landing. 



4.0 AWITUDE CONTROL SYSTEM CONFIGURATIONS 

The purpose of  t h i s  section i s  t o  l i s t  representative types of a t t i t u d e  
control  configurations and indicate  their  app l i cab i l i t y  t o  par t icu lar  missions 

o r  mission phases. A discussion of general system performance requirements 

and a means of c lass i fying control  systems w i l l  be given fk s t  as an intro-  
duction t o  the  consideration o f  configurations. 

4.1 Performance Requirements 

The function of a t t i t ude  control i n  space vehicles i s  t o  or ien t  one or 
more spacecraft axes i n  prescribed reference direct ions i n  t h e  presence of 

disturbances. 

i s  t o  establish a system configuration which meets the  mission requirements 
and constraints  on performance, while optimizing the  overa l l  system i n  terms 

o f  some c r i t e r i a .  

of  performance r e q u i r e a n t s ,  expected disturbances, and the optimization 

c r i t e r i a  . 

The control system design problem associated w i t h  t h i s  function 

The f i n a l  control  configuration w i l l  t h u s  be a function 

Performance requirements and t h e  exis t ing disturbances axe linked together 

i n  establishing the  direct ion and accuracy of the  akt i tude or ientat ion.  
select ion o f  a configuration depends both on the  mission and on the other 

spacecraft subsystems such as power, communication a n d  temperature control.  

The control  system specif icat ions can be described i n  terms of accuracy, 
response and dynamic range. 

The 

4.1.1 Perturbat ions 

A major influence on control system design is  the nature and magni.tude 
The perturbations may be associated with either of  expected perturbations.  

torque disturbances (environmental or non-environmental) o r  angu la r  motion 
of t he  reference frame. The f i r s t  category includes propulsion cross-coupling, 



crew motion, and the environmental torques due t o  grav i ta t iona l  and magnetic 
f i e l d s ,  solar  radiat ion and aerodynanic drag. The reference frame motion 

consis ts  of perturbations associated with functions such as rendezvous and 
docking, planetary approach and terminal maneuvers and o r b i t a l  eccentr ic i ty .  

These operations require  changing reference f'rames i n  the  nature of steering 

control ra ther  than maintaining a s t a t i c  or ientat ion.  

4.1.2 Accuracp 

Primarily, the accuracy requirement provides constraints  on the sensor 
design i n  terms of "near nul l "  chwac te r i s t i c s  as well a s  null sens i t i v i ty  

and s t a b i l i t y .  In addition, system accuracy establ ishes  the small s ignal  
requirements, such as resolution, l i n e a i t y  and threshold effects, on the 

actuators .  Generally, i n  the absence of the  other two performance require- 

ments, the actuator and seasor requirements can. be met as long as the sensor 
receives suf f ic ien t  s ignal  power t o  opepate w i t h ,  a reasonable signal-to-noise 
r a t i o .  

4.1.3 Response 

Response requirements es tabl ish the  t rans ien t  character  of t he  a t t i t u d e  

motion i n  the presence e i the r  of s ign i f icant  a t t i t u d e  perturbations o r  
a t t i t u d e  reference ro ta t ions  (commanded maneuvers) . 
considerations i n  determining control system response requirements are 

r e l a t ed  t o  the i n i t i a l  s t ab i l i za t ion  (acquis i t ion)  process, step-Xype dis- 

turbance torques, and the commanded mweuvers. 

The three important 

4.1.4 Dynamic Range 

Dynamic range requirement defines the control torque range necessary 
t o  maintain the specified control capabklity and the  sensor l i m i t s  of opera- 

t ion at  various phases of the  mission. This  requirement is, o f  course, 



r e l a t e d  not only t o  the response requirements but  also t o  the par t icu lar  

sensor-actuator configuration. The control torque requirements f a l l  in to  

three categories: overcoming environmental disturbance torques; maneuvering 

the spacecraft for  i n i t i a l  acquisit ion or reorientation; and overcoming 

major disturbances such as midcourse thrus t ing .  

4.2 Control System Classif icat ions 

Based on the  above discussion of performance requirements, the select ion 

of  a par t icu lar  control concept i s  dependent on pointing accuracy, control 

torque dynamic range, speed of response, and maneuvering requirements. A 

generally accepted categorization of  control system configurations i s  based 

on the means of generating control torques. 

w e  passive, semi-active and act ive control lers .  Figure 4.1 summarizes 
the  general  c lass i f ica t ions  within these three groupings. 

some of  the charac te r i s t ics  of these c lass i f ica t ions .  

which the  control  actuators  operate a re  reviewed i n  Section 4.3. 

The general c lass i f ica t ions  

Table 4.1 summarizes 
The pr inciples  on 

4.2.2 Passive Control 

Spin s t ab i l i zed  systems and those 'using environmental f ields are  considered 
passive since t h e i r  normal operation e q e n d s  l i t t l e  or no onboard energy t o  
maintain a t t i t u d e .  

The simplest passive control system can be obtained by spin s tab i l iza-  

t i on  of the spacecraft when an axis of  the spacecraft must be oriented i n  
some i n e r t i a l  direct ion with r e l a t i v e l y  low accuracy and or ientat ion about 
t h a t  ax is  i s  not required. 

and Pioneer, contained no control equipment except spin up rockets. 

the  system operation depended t o t a l l y  on having su f f i c i en t  spin momentum so 
tha t  expected external  torques for  the duration of  the  mission would not 

precess t h e  spin ax is  outside the  required or ientat ion accuracy l i m i t s  .) 

E a r l y  spacecraft and s a t e l l i t e s ,  such as Explorer 

Clearly, 
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TABLE 4.1 
CONTROL SYSTEM, SIIMMARY OF CHARACTERISTICS 

TYPE OF CONTROL CHARACTERISTICS 

Passive 

Spin S tab i l iza t ion  

Gravity Gradient 

Solar Pressure 

General: 1) Use o f  environmental f i e l d s  

2)  Simple 
3)  Reliable 

4) Limited or ientat ions & accuracy 

5) Low speed response 

6) Bo power or s tored energy required 

Part icular  : 1) Fixed Lnertial  Orientation 

2)  May require wobble damper o r  
spin control  

3 )  Light weight 

4) Requires special  provisions f o r  
op t i ca l  o r  communication payloads 

1) Control torque a function o f  
o r b i t  a l t i t u d e  and differences 
i n  vehicle pr inc ipa l  moments of 
i n e r t i a l  

~ a y  require  a passive damping 
devi c e 

disturbance 

2) 

3 ) Sensit ive t o  environmental 

4) Near circular  o r b i t  preferred 

1) Control torque a function 
o r b i t  orientation, spac ecraf't 
shape, emissivity and vane 
geometry 

2)  Most applicable t o  interplanetary 
missions 

3)  Light weight 
4) ~ a y  require  sun sensor 
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TABLE 4 . 1  (continued) 

'IYPE OF CONTROL CHARACTERISTICS 

Semi-Active 

Gravity Gradient 
with Momentum Bias 

With Magnetic Torquing 

Solar Pressure w i t h  
Active System 

Spin S tab i l ized  w i t h  
Active Precession Control 

General : 1) Improved response and acquis i t ion 
control  compared t o  passive 
systems 

2 )  Greater control authori ty  

3) Less vulnerable t o  environmental 

4) Better accuracy 
to r  que s 

Part icular :  1) Momentum storage o f  gyroscopic 
torques 

Atti tude sensor may be required 2 )  

1) Control torque i s  a function of  
o r b i t a l  a t t i t ude  and available 
power 

2) Magnetic f i e l d  sensor required 

1) 

2 )  

Active system used for acquisi- 
ti& or fo r  lack of  sun 
Sun sensor may be required 

1) Active system used t o  precess 
for acquis i t ion and s t a t ion  
keeping 

required 
2) Att i tude sensor probably 



TABLZ 4 .1  (continued) 

W E  QF COp3TROL CHARACTERETICS 

Active 

Mass Expulsion 

Momentun Inter chaag e 

Gener a1 : 1) Widest va r i e ty  of control 
orientat ion 

2)  Requires a t t i t u d e  sensor 

3) Least sens i t ive  to disturbance 
torques 

Magnetic Field Interaction 

Particular 1) Flexibility of control configura- 
t ions  

2) Accuracy limited by a t t i t u d e  
sensors and actuator resolut ion 

3 )  Rormally operated i n  a l i m i t  
cycle mode 

1) Often is combined with gas 
systems 

2) Capable of multimode operation 
and high precision control 

3) Accuracy limited by a t t i t u d e  
sensors 

4) Requires addi%ional torque 
somce to relieve momentum 
bui ld-  up 

Control torque dependent on environ- 
ment, i.e., applicable t o  l imited 
o r b i t  incl inat ions and altitudes 
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The environmental f i e l d  control  fokces include gravi ty  gradient and 
solar pressure. The most comrnon of these i s  gravi ty  gradient.  The solar 

pressure forces are l e s s  frequently used for  primary control, but more 

often are used i n  combination wi th  ac t ive  devices. There a re  some s igni f i -  

cant operational l imitat ions and design considerations i n  the  use of  ehviron- 
mental f i e l d s  for  control.  

The system w i l l  have an extremely l o w  speed of response 
(of the order of hours), and a limited acceleration capabi l i ty  

( i .e .  , small control torques).  

The spacecraft  w i l l ,  i n  general, be l imited t o  having f ixed 

nominal (equilibrium) or ientat ion,  established by the  f i e l d  

used t o  generate control  moments. 

The spacecraft  control authori ty  and the or ientat ion 
accuracy l imitat ions w i l l  cause it t o  be sens i t ive  t o  

predictable and unpredictable perturbations.  

The spacecraft  w i l l ,  i n  general, require  some act ive 

control mechanism ,for i n i t i a l  s t ab i l i za t ion  e 

Generally, a mechanism fo r  introducing damping in to  

the  spacecraft  motion must be provided. 

4.2.2 Semi-Actibe Control 

The semi-active c lass i f ica t ion  i s  applied t o  systems i n  which the primary 
Spinning satell i tes control i s  passive but i s  combined w i t h  an ac t ive  device. 

wi th  t h rus t e r s  f o r  precessing and gravi ty  gradient controlled satel l i tes  w i t h  

a momentum bias and/or reaction-wheel dampers m e  i n  t h i s  category. 
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The addition of act ive control  forces t o  a passive system i s  usually 

done for  the following reasons: 

1) t o  improve system response and dynamic range charac te r i s t ics  

over t ha t  available w i t h  n a t w a l  forces 

2) t o  provide capabili ty fo r  i n i t i a l  acquis i t ion o r  special  

or ientat ion requirements 

3) t o  improve accuracy by addition of both ac t ive  torquing 

and appropriate sensors. 

In spin s t ab i l i zed  spacecraft supplementary torquing i s  provided t o  

enable reor ientat ion of the spin ax i s  f'rom i t s  or ig ina l  spin up direct ion.  

In high accuracy systems, addi t ional  control authori ty  i s  used t o  damp out  
wobble of the spin axis about i t s  required or ientat ion.  

can be caused by unpredictable disturbance torques o r  changes i n  the direct ion 

of the t r u e  pr inc ip le  moment of i n e r t i a  axes. 

This type of wobble 

In gravi ty  gradient systems a momentum bias (reaction wheel) may be used 
t o  improve or ientat ion accuracy or t o  provide a f ixed reference for damping 

purposes. 
the  primary control i s  momentum interchange and gravi ty  gradient torquing i s  
used t o  remove momentum €kom the system. In the semi-active system, the  
momentum control i s  pa r t i cu la r ly  important i n  damping i n i t i a l  r a t e s  and 

permitting the  system t o  acquire normal control operation. 

This system should be distinguished *om the ac t ive  system i n  which 

4.2.3 Active Control 

Active a t t i t u d e  cont ro l  systems provide the grea tes t  design f l e x i b i l i t y  
for  the  controlled or ientat ion of  a spacecraft  i n  t he  presence of s ign i f icant  

perturbations and maneuvers. 

and dynamic response i s  l imited only by the avai lable  sensors, ac tua tors ,  
and the allowable system complexity. 

systems i s  the use  of  controlled actuation devices such as react ion wheels 

or mass expulsion devices. 

Their control  capabi l i ty  r e l a t ive  t o  accuracy 

The basic concept common t o  ac t ive  



063 14- 6005 .. TOO 1 
Page 60 

Momentum interchange devices include f ixed speed gyros m d  variable 
speed reaction wheels. 

i n  the area of control  of periodic momenta either for  maneuvering or for 

cyclic-disturbWce tokque compensation or for  precision a t t i t u d e  control. 

The manner of t ransfer  of momentum among the  body axes of the spacecraft 
var ies  s ign i f ieant ly  depending on the  donfiguration, ranging f'rom three 

orthogonal fixed wheels t o  a &@e gimballed wheel. 

o f  the spacecraft i s  controlled by providing a counteracting torque from 
thrusters or an environmental f ield.  

c r a f t  a t t i t ude  control  have t o  date been generated primarily by thruster  

systems, although some systems such as Orbiting Astronomical ObseGvatiry 

use magnetic f i e l d  torquing for momentum dumping. The major consideration 

i n  the  exclusive use  of mass expulsion'for a t t i t ude  control i s  that  t he  

t o t a l  impulse required must be estimated and provided for  pr ior  t o  launch 

of  the spacecraft. The most common propellant used i s  gaseous nitrogen 

although other gasses have been used. More e f f i c i en t  mass expulsion devices 

such as radio isotope heated gas, exploding wire, and ion engines are  i n  
developmental stages b u t  appear t o  have c q t a i n  1-imitations i n  terms 
of t h r u s t  capabili ty,  duty cycle or dynarnic range. The further discussion 

o f  mass e q u l s i o n  and magnetic f i e l d  torquing i s  given in Section 4.3. 

The primary application for  these devices has been 

The buildup of momentum 

External moments necessary for space- 
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4.3 Control Configuration Mechanizations 

The purpose of t h i s  section i s  t o  present a survey of possible control 

system configurations required for various spacecraft missions and mission 

phases. 

of the  control sensors and control  or ientat ion technique used. The vaylious 

types of sensors have previously been described i n  Section 3.3. %erefore, 

as addLtiona1 background t o  a discussion of complete control systems, a 
review of or ientat ion techniques is given first. 

The control  configurations prksanted w i l l  be described i n  terms 

4.3.1 Control Orientation Techniques 

The control techniques under consideration w i l l  be c l a s s i f i ed  in to  two 
groups, passive aYla act ive.  The passive devices make use o f  environmental 

forces such as the gravi ty  gradient and solar pressure; whereas, the ac t ive  

devices such as maks expulsion require d i r ec t  use of onboard energy. 

4.3.1.1 Spin S tab i l iza t ion  

The simplest possible means of obtaining control i s  t o  spin the vehicle 

about a known axis. If t h i s  axis i s  the  maximum pr inc ipa l  axis of i ne r t i a ,  

the spin axis w i l l  remain f ixed i n  i n e r t i a l  space, unless it is  acted on by 
externail disturbances. 

axis ,  energy diss ipat ion will cause the  vehicle or ientat ion t o  change u n t i l  

i t  i s  spinning about the  maximum pr inc ipa l  axis o f  i n e r t i a .  
reor ientat ion,  however, the momentum of the vehicle remains f ixed i n  i n e r t i a l  
space. If it is  desirable t o  change the  or ientat ion of  the spacecraf t ' s  
spin ax i s  i n  i n e r t i a l  space i n  order t o  a l ign it along loca l  ve r t i ca l ,  along 
the sun l i ne ,  e tc . ,  the  capabi l i ty  must be provided t o  ac t iva te  an appropriate 
torquing system. 

normal t o  the spin axis .  

If the  vehicle i s  i n i t i a l l y  spun about some other 

During t h i s  

A reor ientat ion i s  accomplished by applying torque impulses 
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The following advantages and disadvantages apply i n  compming a sgin 

s t ab i l i za t ion  with non spun. 

Advantages : 

1) Fixed i n e r t i a l  or ientat ion with l imited accuracy 

can be achieved w i t h  a simple passive system. 

2) Accurate or ientat ion with respect t o  a f ixed star 

or  slowly ro ta t ing  l i n e  of  s ight  (planet o r  sun) 
c m  generally be achieved with a fairly light-weight 

system. 

3 )  Most disturbances including torques *om th rus te r  

misalignments have only a small e f f ec t  on the 

accuracy of a spin s tab i l ized  body, although long 

term torques can cause precessional drifts. 

4) The system i s  inherently r e l i a b l e  due t o  passive 
operation; a t t i t ude  i s  s tab le  i f  the system fails. 

5)  Rotation of  the spacecraft aids i n  thermal control.  

Disadvantages : 

1) No control of posit ion about the spin ax i s .  

2 )  A complex precession spin control  system i s  required 

t o  point the spin axis along a rapidly ro ta t ing  l i n e  

of  desired or ientat ion.  

3 )  Spin speed control may be required on systems where 
disturbance torques may cause lmge  changes i n  the spin 

momentum of the  system. 

4) Passive wobble damping devices may be required. 



4.3.1.2 Gravity Gradient Torques, 

The use of  grav i ty  gradient torques i s  an a t t r ac t ive  concepz because 
it makes use of a passive environmental force.  

arise f h m  the  f a c t  t h a t  t he  e w t h ' s  grav i ta t iona l  po ten t i a l  varies w i t h  

a l t i t ude .  For t h i s  reason, the center of grav i ty  and the center of mass 
of 8 s a t e l l i t e  a r e  not exactly coincident. Unless t he  force of gravity,  

applied at the  center of gravi ty  a c t s  along a l i n e  passing through the center 

of  masst t he  resu l t ing  .torque w i l l  tend t o  r o t a t e  the s a t e l l i t e ,  If the 

latter i s  properly configured, t h i s  torque can be usefully employed for 
orientat ion w i t h  respect to the e a r t h ' s  g rav i ta t iona l  f i e l d .  

a t t i t u d e  of t he  vehicle i s  then earth referenced and l i m i t s  the apiplifations 

for t h i s  mode of control.  For example, gravi ta t iona l  torques cannot, i n  
general, be used t o  or ien t  a vehicle i n  earth o r b i t  towwd the sisu1. me 
magnitude of torques avai lable  and the  speed of response of t h e  system i s  

l imited by the  mass d is t r ibu t ion  o f  the  vehicle and the  o r b i t a l  a l t i t ude .  

Typical capab i l i t i e s  of gravi ty  gradient systems axe l imited t o  pointing 

accuracies exceeding 4 .e5 . 

The gravi ty  gradient forces 

The nominal 

b 

0 

4.3 . l .3  Magnetic Field Torques 

The basic physical e f f ec t  which makes possible generation of magnetic 
control  moments i s  the force experienced by a moving charge i n  a magnetic 

f i e ld ,  E. The cwnmulative e f f ec t  of a moving d is t r ibu t ion  of chazge i n  a 

magnetic f i e l d  i s  torque, N.  This torque is  equal t o  the vector cross 
product o f  the magnetic dipole moment, m and the magnetic f i e l d  E, i . e . ,  

N = m x 5. 
the  ea r th ' s  magnetic f i e l d  is approximated by a simgle magnetic dipole at  
the center o f  the ear th .  
t i o n a l  t o  the s a t e l l i t e  a l t i t u d e  cubed. 
can be developed by simply passing current through a planar c o i l  of w i r e .  

I 

- 
- -  

B r  s a t e l l i t e  a l t i t u d e s  greater  khan 100 miles above the surface, 

The in tens i ty  of  t h i s  f i e l d  i s  inversely propor- 

Using t h i s  f i e ld ,  a magnetic moment 



'Ibis type of actuator gi.ves l imited control  o f  t he  torque level.  

torque leve l  control  does indicate  the  need f o r  a t t i t u d e  sensors to r e l a t e  

the  c o i l  plane t o  the magnetic f ie ld ,  21 addition, the ma,gneti.c field 

i n t ens i ty  i s  a function of o r b i t  posi t ion.  ThusJ an onboard magrietic sensor 

o r  some ground control  may be required as p a r t  of the system. 

Such 

Zn addition t o  the i r  application as prime control  actuators, both 
gravi ty  gradient md magnetic torquing can be used i n  cmbination WitK a 

react ion wheel as a means of providing a desaturating torque t o  reduce the  
build-up of momentum in  the wheel. 

4.3.1.4 Mass Expulsion 

The a t t i t u d e  control of: a spacecraft  w i t h  i c i t i a l  r a t e s  and/or ia the  

presence of an external  torque f ie ld  can be simply achieved through the use 

of  a var ie ty  of  mass expulsion devices. The actuation of such devices i s  
controlled by the  output of a sensor and used t o  change the angular r a t e  of 

the spacecraft, t o  keep it within some a t t i t u d e  error l i m i t ,  or t o  precess 

the  spin axis of a spin s tab i l ized  spacecraft. 
may e i the r  produce a torque proportional t o  the e r ror  signal. or produce 

quantized torque leve ls  f o r  controlled periods of time t o  maintain the vehicle 
angular momentum below some prescribed l i m i t  e 

The mass expulsion system 

A typical mass expulsi.on thruszer system i s  a container of  some unheated, 

i n e r t  gas sdch as nitrogen or argon with appropriate nozzles and regulators  

to produce t h r u s t s .  A t h r u s t  range between .001 and 2 pounds i s  applicable 

t o  most present w a r n e d  spacecraft weights and lifeximes. 

t h rus t s  may be required for  very large s a t e l l i t e s  or when thrus t  misalignments 

during midcourse corrections cause excessive disturbance moments. 

systems will i n  general. have a specif ic  impulse considepably greater  than 

t h a t  of cold gas; however, problems associated wi th  multiple starts and 
control of th rus t  l e v e l  can l i m i t ;  the  application of such devices. 

O f  courseg larger  

Hot gas 
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The pr incipal  governing problem i n  design i s  the  tradeoff between weight 

and r e l i a b i l i t y .  The simplest system i s  a s ingle  l eve l  th rus t ,  on-off system 

used t o  maintain the spacecraft a t t i t u d e  and a t t i t u d e  r a t e  within cer ta in  

l i m i t s .  In many a t t i t u d e  control systems, t he  most e f f i c i en t  control scheme 

i s  a combination o f  mass expulsion and momentum storageg such as a momentum 

wheel. 

4.3.1.. 5 Momentum Wheels 

A controlled ro ta t ing  i n e r t i a  t o  provide a means of momentum interchange 
' in a spacecraft i s  re fer red  t o  a s  a momentum or react ion wheel. These devices 

m e  generally used t o  continuously absorb the e f f ec t  o f  disturbance torques, 
t o  s tore  momentum due t o  changes i n  o r b i t a l  r a t e ,  and t o  perform special  

control maneuvers . 
The use of react ion wheels can be understood by noting tha t  the  time 

r a t e  of change of  wheel momentum i s  equal. t o  the applied torque (Newton's 

second law). 

of the  system remains constant with respect t o  i n e r t i a l  space. 

there can be three body-fixed wheels whose axes may not coincide w i t h  the 

i n e r t i a l  f'rme. 

uously i n  order t o  t ransfer  momentum from one body ax i s  -to another i n  order 

In the absence of any externally applied torques, the momentum 

li? general, 

Sn such an instance,, the  wheels w i l l  change speed contin- 

t h a t  at8 every ins tan t  the sum o f  the individual momenza w i l l  equal the t o t a l  

constant momentum. 

In the simplest case, each body ax is  i s  controlled by a single axis 
motor-driven flywheel. 

a given error signal .  
system as  follows: 

The torqde can be controlled Lo be proportional t o  

Reaction wheels are often part, of a combination 

1) Reaction wheels used as temporary momentum scorage t o  be 

re l ieved  l a t e r  'by thrus te r  ac t iva t ion  when th.e wheel reaches 
saturat ion speed. 



2 )  Reaction wheels used t o  provide damping when the  gravi ty  

gradient method of obtaining control torque i s  used. 

4.3.1.6 Control Moment Gyro 

The control  moment gyro i s  ac tua l ly  B variat ion of' the momentum wheel. 

Using ei ther  single or two degree of fhedom gyros, momentum i s  transferred 
f'rom a f ixed speed wheel t o  the  spacecraft by e l ec t r i ca l ly  torquing the  gyro 

which causes i t s  gimbal t o  precess. The torquing signals a re  controlled by 

the  a t t i t u d e  e r ror  sensor. 

4.3.1.7 Sol= Pressure 

Bombardment of the  various surfaces of the  sa te l l i t e  by photons and 

protons emanating fkom the  sun w i l l  create forces, ,whose magnttude and 

direction axe determined by the r e f l ec t ive  propert ies  of the surfaces. 

radiat ion power i n  the v i c in i ty  of the earth corresponds t o  a pressure of 

9.4 x lom8 l b / f t  

The 

2 for complete absorption. 

There a re  several  ways i n  which solar pressure can be used as a stabiliz- 

ing force. In one technique, a re f lec t ive ,  vanelike appendage i s  used as 

solar stabi l izer .  The vane i s  mounted on t h e  spacecraft on the  side away 
from the Sun so tha t  when the spacec rae  has the proper a t t i t ude ,  the Sun's 

rays me p a r a l l e l  t o  the vane and no forces a r e  generated. When the space- 
craft and hence the  vane a re  a t  some angle with respect t o  t he  sun's rays, 

a res tor ing force w i l l  be developed tending t o  r e t m n  the spacecraft t o  the  

n u l l  posit ion.  For stable  control  the center of mass of the spacecraft must  

l i e  between the sun and the center of solar pressure on the  vane. 

control systems, the  vanes are ac t ive ly  moved according t o  the  s ignal  from 
a posit ion sensor. 

I n  other 



4.3.2 Control System Configurations 

The c lass i f ica t ion  of control systkms i n  previous sections has been 

given primarily i n  terms of control actuators.  In t h i s  seetion, typ ica l  

control system configurations are described i n  terms of actuators and 
sensors required. The systems are arranged by mission phase t o  emphasize 
the  var ia t ion of applicable configuration as a function of  phases and 
mission requirements (see Table 4.2) .  
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Systems 1 & 2 - Three Axis Stabi l izat ion 

The systems 1 & 2 represent typ ica l  a t t i tude control  configurations for 
The a t t i t u d e  prof i le  of t he  launch the  lower stages of multistage boosters. 

and inject ion i s  commanded by radio from’ the ground or by a programmer/computer 

on board. The commands are compared t o  the IMU at t i tude information; the 

resu l tan t  error  signals are inputs t o  the  booster autopilot .  
t he  f i n a l  stage or payload i s  a l so  three-axis s tabi l ized.  

.h manned missions, 

System 3 - Spin Stabi l ized 

For unmanned spacecraft, it i s  sometimes simpler t o  spin up t h e  payload 

pr ior  t o  inject ion.  !The spin axis i s  directed along the o r b i t a l  path. The 
resultant angular  momentum s t ab i l i ze s  the direction i n  which the inject ion 

t h r u s t  i s  applied and minimizes the magnitude of veloci ty  applied normal t o  

the  required in jec t ion  direction. 

System 4 - Spin Stabi l ized 

A pass’ive spin s tab i l iza t ion  i s  applicable t o  missions i n  which the 
or ientat ion a t  inject ion i s  sat isfactory for  the spacecraft mission e 

simplified technique has been applied t o  sc i en t i f i c  s a t e l l i t e s  such as 

mlorer 20 which w a s  used for radlo sounding experiments. 
did not have high accuracy pointing requirements. Passive damping devices 
such as pendulums o r  annulax rings containing a f l u i d m a s s  are often used 
w i t h  spin s tab i l ized  t o  damp angular r a t e s  occurring about other axes trans- 
verse t o  the  spin axis. 

This 

These experiments 
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System 5 - Spin S tab i l ized  with Magnetic Torquing 

A combination of  passive techniques i s  possible f o r  s c i e n t i f i c  elrperiments 

requiring Ekrth or ientat ion i n  o r b i t .  An example i s  Explorer 22, i n  which 

spin r a t e  gradually reduced t o  zero by magnetic despin rods.  Two ba r  magnets 

mounted inside the satel l i te ' s  she l l  were used t o  passively o r i en t  the space- 

c r a f t  along the e a r t h ' s  magnetic f ie ld .  

System 6 - Gravity Gradient - Radio Command 

Gravity gradient a t t i t u d e  control  can be made more ve r sa t i l e  by using an 
extendible mast (a deHavilland boom) w i t h  a mass a t  the end. 

be f ixed or have t h e  capabi l i ty  being extended and r e t r ac t ed  v i a  ground commands. 

A radio command 4- gravi ty  gradient systerll of t h i s  type i s  t o  be  used on the 
f i r s t  Applications Technology S a t e l l i t e  (ATS) 

This mast"ca.n 

S tab i l iza t ion  or ientat ion 
accuracies of f 3' a r e  ewected  for the  ATS i f  c i rcu lar  o rb i t  i s  a t ta ined.  

System 7 - Two Axis Control, Spin S tab i l iza t ion  " 

A spin s tab i l ized  system can be augmented by earth sensors and mass 
expulsion thrusters for specialized or ientat ions and higher precision attit1 

control  than would normally be possible with a purely passive system. 

COMSAT synchronous communication s a t e l l i t e  i s  an example of such a combined 

The 

a ? 

system. Ih t h i s  system, the  spacecraft  is spin s tab i l ized  for in jec t ion  in to  

orbi t ;  the  spin vector i s  i n  the  o r b i t  plane. A f t e r  in ject ion,  the  spin vector 

i s  precessed 90' by impulses from t he  thrus te rs .  

t o  the  o r b i t  plane by error  s ignals  from the  earth sensor. The ew%h sensor 

detects  deviations wi th  respect t o  yaw or r o l l  depending on whlch p a r t  of the 

orb5t the  s a t e l l i t e  i s  in. The control loop i s  completed by t h e  ground 
tracking s t a t ion  which in te rpre ts  the  ear-th sensor deviations and sends 
commands t o  the on-board thrus te rs .  

antenna pointing t o  an accuracy of & 1.1 e 

It i s  then maintained normal 

This technique maintains the  s a t e l l i t e  
0 
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System 8 - Two Axis Stabilization. - Zero N e t  Angular Momentum 

Another type o f  two axis control  for  ear th  o r b i t  operation i s  the  con- 

f igurat ion with the spin axis earth oriented. 

surveil lance or  mapping. In t h i s  case, ro ta t ion  about the  spin axis i s  done 

a t  zero net angular momentum by balancing the output of two reaction wheelr;. 
For t h i s  type of  system, the ro ta t ion  about  the earth pointing axis i s  used 

for thermal control and for time-sharing the ear th  sensor and thrus te rs  f o r  

contro'l about two axes rather than as spin s tab i l iza t ion .  

This i s  applicable t o  earth 

An example of t h i s  type of two axis control  i n  surveillance s a t e l l i t e s .  

The s a t e l l i t e  i s  spin s tab i l ized  a t  120 rpm for  in jec t ion  in to  o rb i t ,  b u t  i s  

despun t o  a low r a t e  and adjusted t o  zero ne t  angular momentum fo r  normal 

earth-pointing control.  The system uses an earth sensor for primary control 

inputs and a sun sensor as a reference f o r  time sharing of  the control  about 

the two axes normal t o  the spin axis .  The a t t i t u d e  control thrusters use 
cold nitrogen. 
condition. 

The thrusters  maintain the  system i n  pulsed, l i m i t  cycle 

System 9 - Three Axis Stabi l izat ion,  Reaction Wheels, Earth and Sun Sensors 

For applications employing high resolut ion opt ica l  equipment, f u l l  three 

ax is  s tab i l iza t ion  i s  l i ke ly  t o  be used. These systems are combination systems 

w i t h  normal a t t i t u d e  control maintained by a momentun wheel for each vehicle 
axis.  
earth and SWL sensors. 
thrusters which a re  used t o  remove stored momentum due to  secular torques; 

t o  or ien t  t h e  spacecraft for i n i t i a l  sun-earth acquisitions; and t o  make o rb i t  

corrections. 

i n  System 8 above. 

The a t t i tude  error  inputs t o  the  momentum wheels are provided by the  

Combined w i t h  the  momentum wheels i s  a system of  

These thrus te rs  do not operate the  system i n  a l i m i t  cycle as 



The Nimbus meteorological s a t e l l i t e  $ is  an example of t h i s  type of  control. 

It i s  earth oriented and requires accurate pointing control for  vidicon camera 
systems and high resolution radiometer. 

For missions w i t h  very s t r ingent  poihting accuracy requirements, a dual  

mode version of t h i s  same control system can be used. 
i n i t i a l  acquisit ion i s  accomplished w i t h  a fast-response, limited-accuracy 

system. Then, normal operational a t t i t ude  control  i s  maintained with a slow- 

response, high-accuracy system. This dual mode control works w i t h  t w o  levels 
of  torquing, two sets of  react ion wheels, magnetic torquers and gas thrusters. 
The Orbiting Astronomical Observatory uses t h i s  type o f  control t o  a t t a i n  a 

pointing accuracy of 0.1 arc-second. 

In such a system, 

System 10 - Mass Expulsion, Star  and Sun Sensors w i t h  Radio Ground Commands 

Missions w i t h  moderate accuracy requirements are sui table  applications 

f o r  d i r ec t  control by mass expulsion. These systems normally operate w i t h  

three-axis s tab i l iza t ion .  The references for  or ientat ion are provided by a 

sun sensor and e i ther  a31 earth or star sensor. The star Canopus is  f'requently 
used due t o  i t s  brightness and the  f a c t  t h a t  i t s  declination makes it nearly 

normal t o  the  ec l ip t i c .  The control  functions related t o  mission phases and 

midcourse guidance corrections a r e  supplied by radio command. 

Tracking of the sun and Canopus provides hel iocentr ic  reference coordinates 

applicable t o  a var ie ty  of missions within the solar  system. Both Mariner and 
Surveyor a r e  representative of t h i s  type of system. 

i s  a l i k e l y  candidate for  three-axis s tab i l izedprobes  ne= t h e  sun or t o  the  
This type of control  system 

outer planets,  particulm-ly as the complexity o f  s c i en t i f i c  payloads increases 
and antenna pointing accuracies become higher. 
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System 11 - I n e r t i a l  Reference Unit, Rendezvous Radar, Onboard Computer 

This type of control system is  typ ica l  for manned orbit ing,  rendezvous 

and docking missions. 

ai-ltomatic modes* 

rendezvous procedure u t i l i z e s  the onboard radar t o  locate and track the  ta rge t .  

The rendezvous radar furnishes range, range-rate and l ine-of-sight angle. This 

information i s  combilred with a t t i t u d e  information from the  i n e r t i a l  reference 
an i t .  

presented i n  displays of a t t i t ude  and velocity t o  guide the crew i n  carrying 

out the aaneuvers . 

The at t i tude control operates i n  both a manual and 

The manual mode i s  t h e  primary mode. The manual o r b i t a l  

The combined information i s  converted by an onboard computer and 

This type of  configuration is  employed for Gemini and Apollo rendezvous 

and docking and i s  applicable t o  log i s t i c s  vehicles i n  support of MOL and MORL. 

System l l a  - Mass Expulsion, I n e r t i a l  Reference, Optical Sighting, 

Onboard Computer 

System l la  i s  a modification t o  System 11, i n  which a opt ica l  sighting 

of t.he o'bJect vehicle i s  used i n  place of or as a back-up to  the radar trans- 
ponder system * 

System 12 - Spin Stabi l izat ion,  Mass Expulsion, Antenna Polazization 
6 

Measurements , Sun Sensor s 

This system i s  applicable t o  planetarry approach o r  f lyby missions and i s  

a var ia t ion of System 6. In unmanned sc i en t i f i c  mission, the  communications 

antenna pointing m d  the performance of midcourse corrections m e  major con- 

siderations i n  the contjc-ol system design. For one configuration o f  t h i s  type, 

the  antenna i s  body-fixed pointing along the spin axis. The spir, axis i s  then 
directed a t  the  ear th  i n  the  cruise  a t t i tude .  If the antemi beam i s  directed 

out a t  an angle w i t h  respect  t o  t h e  spin axis ,  t he  ro ta t ion  of  the spacecraft 
generates a conical scan pat tern.  



The received s ignal  contains a modulation envelope which i s  periodic a t  
the spin r a t e .  
magnitude and direct ion of  precession required t o  point the spin axis  a t  

the earth.  

sion system. 

The phase and amplitude of t h i s  error s ignal  indicates  the 

"he a c t u a l  precession of the  spin axis i s  done by the  mass pp~l- 

The normal procedure for making a midcourse correction i s  t o  precess 
the spacecraft u n t i l  the thrus t  ax is  i s  pointed i n  the direct ion of the  required 

veloci ty  increment. 
second Feference direct ion t o  control  the direct ion of  precessional motion. 

The sun sensor (or a star sensor) i s  used t o  b f i n e  a 

An a l t e rna te  procedure i s  t o  make the correction w i t h  the t h r u s t  a s s  
pointing toward the ear th .  

days can provide the equivalent of  a single maneuver i n  a variable direct ion.  

This approach adds constraints  t o  the choice of t r a j e c t o r i e s  and r a i s e s  mid- 
course propellant requirements. 

By t h i s  method, two corrections on d i f fe ren t  

System 13 - Three Axis Control, k s s  Expulsion, Antenna Polarization, 
Single S tar  or Sun Tracker 

This type of act ive,  three-axis control uses radio f'requency angle track- 

ing systems based on closed loop l inks  w i t h  ground tracking s ta t ions .  The 
system uses e i ther  amplitude or phase comparison of a monopulse signal fo r  

a t t i t u d e  control of  two axes and a single star tracker for  the t h i r d  axis .  

These systems have the  disadvantage of being complex and requiring large amounts 

of  power f'ran the ground s ta t ions .  

!The app l i cab i l i t y  of t h i s  approach i s  strongly influenced by mission 

t r a j ec to r i e s ,  required midcourse corrections and the capabi l i ty  of the 

communication system, i . e . ,  the  R F  s ignal  transmitted by the Deep Space 
Ins t rmenta t ion  h c i l i t y .  
operation i s  meaningful only i n  terms of  spec i f ic  mission requirements. 

A s  a r e s u l t ,  a discussion o f  specif ic  modes of 



System 14 - Attitude Control fo r  Terminal Descent 

The a t t i t u d e  control  procedures r e l a t ed  t o  terminal descent are  c losely 
in t e r r e l a t ed  wi th  the guidance concepts previously discusded i n  Section 3 
rather  than exis t ing as two separate and d i s t i n c t  systems. The primary 
a t t i t u d e  Control requirements a re  a mass expulsion system t o  or ien t  the 
spacecraft i n  the proper a t t i t u d e  for retropulsion or  aerodynamic braking 
a t  the colhmand of  the guidance system and a s t ab i l i za t ion  system fo r  use 
during any re t ro thrus t ing  phase. 

with respect t o  the planet  w i l l  be considered a guidance function. 

the sensors such as horizon scanners and doppler radars which make these 

measurements are part of the guidance system. 

The measureyent of posit ion and veloci ty  

Accordingly, 


